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ABSTRACT
The potential of using metallic glass as a pathway to obtaining novel morphologies and
metastable phases has been garnering attention since their discovery. Several rapid solidification
techniques; such as gas atomization, melt spinning, laser melting, and splat quenching produce
amorphous alloys. A directional thermal processing system (DTPS) was designed, fabricated
and characterized for the use of zone processing or gradient-zone processing of materials. Melt-
spun CuZr metallic glass alloy was subjected to the DTPS and the relaxation and crystallization
responses of the metallic glass were characterized. A range of processing parameters were
developed and analyzed that would allow for devitrification to occur.
The relaxation and crystallization responses were compared with traditional heat treat-
ment methods of metallic glasses. The new processing method accessed equilibrium and non-
equilibrium phases of the alloy and the structures were found to be controllable and sensitive to
processing conditions. Crystallized fraction, crystallization onset temperature, and structural
relaxation were controlled through adjusting the processing conditions, such as the hot zone
temperature and sample velocity. Reaction rates computed from isothermal (TTT) transforma-
tion data were not found to be reliable, suggesting that the reaction kinetics are not additive.
This new processing method allows for future studying of the thermal history effects of metallic
glasses.
1CHAPTER 1. OVERVIEW
1.1 Motivation
Materials synthesis routes that involve alloy liquids, such as alloy solidification and related
metal casting processes, offer access to an immense variety of microstructures and properties.
Expanding the scope to include rapid solidification to form nanocrystalline materials, metal-
lic glasses and other far-from-equilibrium structures opens the door to various post-freezing
processes that may provide access to additional non-equilibrium phases and novel structures.
As the discovery of metallic glass systems continue, the possibility of using the amorphous
phase as a pathway to the development of novel microstructures and far from equilibrium
phases becomes actuality. The characterization scope of the different devitrified metallic glass
systems have been limited to the properties and phases produced while no systematic processing
methods have been developed.
Currently, microstructure control and phase selection are dictated from the processing and
solidification conditions of the melt. Recently, several studies utilized glassy state as an inter-
mediate stage in the processing of advanced materials and potentially obtain novel structures
of metastable phases (2), (3), (4). Current processing techniques and methods used to pro-
duce amorphous crystalline composites include suction castings, annealing of rods and heat
treatments performed in a DSC.
Effective translational processing strategies, implementing precise manipulation of applied
thermal (and other) fields and their associated gradients, may provide access to desirable phases,
phase distributions, and microstructural directionality. Metallic glass devitrification pathways
have been shown to be extremely sensitive to thermal history. Utilization of this pathway would
allow for exploitation of unique properties.
21.2 Literature Review
Currently, far from equilibrium structures and phases are produced from different process-
ing techniques: mechanical alloying, rapid solidification, directional solidification, and electron,
ion, and laser irradiation. Directional processing has allowed for the production of aligned
microstructures in a variety of materials. The microstructural control and processing limits of
these methods have been developed through meticulous investigations and studies. There are
several directional processing techniques, such as controlled (directional) solidification, down
and up gradient processing of metallic glasses, cellular precipitation and eutectoid decomposi-
tion, used to produce aligned microstructures.
1.2.1 Controlled Solidification
The ability to control solidification revolutionized turbine blade processing (5) by greatly
reducing creep failures and increasing the longevity of turbine blades. Controlled solidification
techniques have been instrumental to the understanding of solidification theories and princi-
ples due to the ability to control the cooling rate. This has allowed researches to study the
solid/liquid interface, solute distribution, growth kinetics, as well as many other solidification
phenomena.
Manipulating heat extraction is the key to solidification control. By controlling the heat
extraction, one can exploit different properties of a material, such as microstructural growth
direction and spacing, as well as segregation (6). This has also led to the ability to produce far
from equilibrium microstructures compared to traditional techniques. There are many factors
that affect the ability to extract heat, including metal mass, mold thickness and conductivity,
and furnace set up (7). Two key directional processing parameters, thermal gradient (G) and
solid/liquid interface velocity (V), have significant impact on the microstructure, spacing, and
grain selection.
There are several methods used to produce directional solidification, including Bridgman,
directional casting, liquid metal cooling and deep supercooling solidification methods. The
Bridgman technique produces highly uniform microstructures by translating a sample at a
3uniform rate through a constant thermal gradient. The solid/liquid interface velocity may
differ from the sample velocity. This method restricts the sample size to small diameters
and it is costly to produce samples due to the constant power supply required. Due to limited
withdrawal speeds, microstructures obtain from this method are coarser due to the low thermal
gradient achievable due to heat extraction parameters of the furnace. Until recently, this was
the primary method used to manufacture single crystal turbine blades. Several methods have
been recently explored to determine the effects of thermal gradients and sample velocity. The
Liquid Metal Cooling (LMC) method (7) utilizes liquid metal to extract heat more effectively
from the melt compared to Bridgman-type solidification. By increasing the heat transfer, the
thermal gradients increase which results in finer microstructures and an increase in mechanical
properties.
Constitutional supercooling theory was proposed by Tiller et al. (8) and it was developed
to determine interface stability of the directional growth. This method supercools the melt
and the liquid thermal gradient is less than zero. Heat extraction occurs through the solidified
part as well as the supercooled melt. The dendrite tip undercooling can be extended to several
hundred degrees. It has been shown that as the undercooling of the melt increases, the primary
dendrite spacing decreases. (9)
G/V=∆T/D
When the ratio of temperature gradient to growth velocity on the left hand side of the
equation is less than the ratio of undercooling to diffusion coefficient on right hand side, the
planer interface become unstable and a cellular structure forms(8). Instability will always occur
when the temperature gradient is less than the concentration gradient times the liquidus slope.
Increasing the undercooling results in the increase of the growth rate. Perturbations at the
solid/liquid interface will increase the temperature gradient of the melt. The concentration
gradient also increases and becomes steeper resulting in the increase of the liquid temperature.
Directional casting is another method that can be used to control solidification of a melt. A
chill, which has high thermal conductivity, is placed in contact with the melt. This causes heat
to be extracted through the chill resulting in a directional microstructure. The microstructure
is not uniform due to the decreasing growth rate and thermal gradient as the distance from the
4chill increases, but macrosegregation and other properties are still controlled.
As new directional solidification techniques develop, the temperature gradient at the solid-
liquid interface increases, which in turn decreases the microstructural spacing. But these new
techniques often do not posses a high enough cooling rate to produce metastable phases achiev-
able through rapid solidification and devitrification.
1.2.2 Rapid Solidification
Rapid solidification is defined as rapid heat extraction during solidification of a melt. Rapid
solidification can be achieved through a variety of ways such as imposing a high cooling rate
during solidification, imposing a high degree of undercooling in the melt, and imposing a
high solid liquid interface velocity (10). Each method employed to achieve rapid solidification
has distinct processing parameters that control the solidification conditions; interface growth
velocity (V), temperature gradient, cooling rate(T), and the temperature gradient to interface
growth velocity ratio (G/V) (11).
Metallic glasses are often produced through the utilization of rapid solidification techniques.
These techniques cool the liquid melt at a high enough rate, such that the nucleation and growth
of crystalline phases are suppressed and the liquid is kinetically arrested (12). The large increase
in viscosity of the liquid melt causes the material to freeze retaining the disordered structure
of the liquid state.
Several processes have been been used to achieve rapid solidification, including gas at-
omization, melt-spinning, laser melting, and splat quenching, shown in Figure 1.1(1). Gas
atomization achieves cooling rates of 102-107 K/sec and powder particle size ranging from 10
to 300 um (10), depending on the method. Melt-spinning is a common method to produce
amorphous ribbons with cooling rates in the range of 104-106 K/sec and thicknesses of 30-80
um (13). Splat quenching produces cooling rates of 108 K/sec, in which atomized droplets hit a
chill plate and solidify (10). Laser heat treatment high cooling rate, 108-1010 K/sec, produces
very fine nonequilibrium microstructures (14).
Each rapid solidification process produces different sample sizes, shape and properties.
Melt-spinning uses a single roller melt-spinner comprised of an internally water cooled metal
5drum and a pour tube crucible. Thin liquid metal is ejected onto the rotating metal drum
producing thin ribbons of material. Changing the velocity of the metal drum controls the
ribbon thickness and cooling rate. Gas atomized powder is produced by flowing the melt
through a vertical pour tube before being impinged by a gas stream. The droplets solidify
during free fall. Splat quenching, similar to gas atomization, employs the use of a water cooled
rotating drum to solidify the droplets. The resulting shape is a flat disc, where as gas atomized
powder is spherical in nature.
Figure 1.1 Rapid solidification product process (1)
1.2.3 Directional Eutectoid Decomposition
By applying similar directional solidification methodologies, Carpay (15) discontinuously
decomposed several eutectoid, Pb-Sn, Cu-Al, Cu-In, Ni-In, Co-Si, systems into lamellar mi-
crostructures. The homogenized samples were pulled through a unidirectional negative thermal
gradient ranging from 50− 200◦C/cm. The lamellar microstructures were parallel to the ther-
mal gradient and the lengths varied from 10 or more times the lamellae diameter. Carpay
proposed that the technique might be able to be used on an object after it is manufactured,
resulting in an object with continuous microstructure.
Livingston (16) proposed pulling the eutectoid and cellular precipitation samples through
a positive thermal gradient to achieve a finer microstructure than previously achieved through
directional solidification and negative gradient eutectoid decomposition. Eutectoid spacings
6are much finer than eutectic spacing due to solid state diffusion (17).
1.2.4 Solid State Growth Process
Controlled devitrification of amorphous alloys has been explored for many years with hope of
developing novel aligned composite materials (18). Several glass systems have been successfully
directionally devitrified (12; 18; 19; 20; 21).
Carpay and Cense (19) demonstrated two methods for directional decomposition from the
vitreous state. Vitreous samples subjected to down gradient method are drawn from a region
of high temperature to a low temperature region. The down gradient method is similar to the
directional growth of eutectic systems. The samples are initially heated to allow the sample
to nucleate, followed by quenching. The nucleated samples were then subjected to a thermal
gradient below the nucleation temperature of the system, but at high enough temperatures to
where crystal growth occurs. The direction of the crystal growth is towards the high temper-
ature region, due to the growth suppressed at low temperatures. When the sample velocity is
larger than the crystal growth rate, growth will stop; however, if the velocity is too slow the
sample will nucleate ahead of the crystalline interface, resulting in unaligned microstructures.
Vitreous samples subjected to up gradient method are drawn from a region of low tempera-
ture to high temperature region. Nucleation and growth occurs while the vitreous samples are
drawn through the temperature gradient. Due to the temperature dependance of the growth
rate, the sample’s growth rate is directly affected by the sample velocity.
Cense and Albers (22) attempted to directionally devitrify splat quenched Cu45Zr55 samples
by translating the samples over a heater and cooler separated by a narrow gap. They concluded
that directional devitrification was not successful due to the unattainable temperatures needed
to foster devitrification.
Several processes were developed soon after the discovery of metallic glasses. Precise control
of the temperature zones were lacking and difficulty controlling nucleation hindered many
experiments. Each of these studies utilized a Bridgman-type set up; one cold zone, one hot zone
and a space between. From earlier experiments, several problems occur during the directional
devitrification of glass; uncontrolled nucleation ahead of the interface, uncontrolled interface
7velocity, low growth rates due to low temperature gradients to reduce possibility of uncontrolled
nucleation.
1.2.5 Metallic glass
Suppressing the nucleation and growth of crystalline phases by rapidly cooling a liquid
metal can produce metallic glasses. Kinetic arrest is the result of a large, continuous increase
in the liquid’s viscosity. This increase in viscosity freezes the metal with disordered atomic
configuration that is structurally similar to the liquid state of the metal which lacks long range
atomic order, grain boundaries, and dislocations.
The temperature at which the disordered configuration is “frozen-in” to the melt is the
glass transition temperature (Tg). Tg is dependent on the cooling rate and thermal history of
the glass. It is generally accepted that Tg is the temperature where the viscosity has increased
to 1013 poise (1). Critical cooling rate is the lowest cooling rate at which the melt can be
cooled to the liquids temperature to Tg without crystallization. The critical cooling rate can
be determined from time-temperature-transformation (TTT) curves, as depicted in Figure 1.2
(23).
The first metallic glass (AuSi) was synthesized by Duwez et al (24) in 1960 and interest
in metallic glass systems continues to grow due to their high strength, elasticity and magnetic
properties. Further experiments with various metallic systems produced metallic glasses with
critical cooling rates of 100 K/sec or less (25).
1.2.6 Devitrification
Devitrification is the controlled crystallization of a metallic glass through time and temper-
ature control. As the glass is heated the structure undergoes relaxation. Structural relaxation
is the change in density and viscosity of the glass. Crystallization of the glass is initiated
through the nucleation of crystallites. Nucleation occurs homogeneously or heterogeneously.
Homogenous nucleation occurs without the aid of nucleation sites such as impurities or con-
tainer walls, where as heterogenous nucleation begins on a nucleation site. Nucleation is a
thermally activated process requiring change in free energy. Heterogenous nucleation requires
8Figure 1.2 Time-temperature-transformation (TTT) Diagram depicting critical cooling rate
less energy compared to homogenous and coupling the availability of nucleation sites, heteroge-
nous nucleation occurs more often. Following nucleation, growth of the crystallite must follow
in order to achieve crystallinity. Devitrification has played an important role in the develop-
ment of nanocrystalline materials. Nanocrystalline materials have an increase in mechanical
and physical properties by controlling the nucleation and growth of crystallites.
1.2.7 Devitrification of Cu50Zr50
The Cu-Zr binary system’s thermodynamics and kinetics have been significantly investi-
gated (26; 27). Recent devitrification studies in Cu50Zr50 have been reported for constant
heating rates and isothermal heating experiments.
The reported constant heating crystallization sequences and phases of amorphous Cu50Zr50
are inconsistent. Altounian (28), reported crystallized amorphous Cu50Zr50 melt-spun ribbons
containing low amounts of CuZr2 and large amounts of Cu10Zr7 phases occurred in one step
by utilizing CuKα X-ray diffraction. Kneller (29) reported a two step crystallization process
9involving CuZr being initially formed, followed by decomposition to CuZr2 and Cu10Zr7 phases.
Kalay et al. (27) determined the microstructural evolution amorphous Cu50Zr50 ribbons
through the use of both isothermal and continuous heating rate experiments. The amorphous
samples were subjected to several different isothermal annealing temperatures through the uti-
lization of a DSC. The exothermic crystallization peak obtained for each temperature was then
used to determine the crystallized volume fraction by integrating the the area under the peak.
The integration allows for an Isothermal Transformation (IT) diagram to be obtained. The
IT diagram is utilized to determine the hold time required at a given isothermal temperature.
The time required for complete crystallization is 81 minutes and 11 minutes for temperature set
point of 397◦C and 420◦C, respectively. The isothermal heated samples show the formation of
Cu10Zr7 initially, followed by CuZr2. The growth of CuZr2 on Cu10Zr7 is due to the increased
amount of zirconium surrounding the Cu10Zr7 crystals. CuZr (B2) was found nucleating and
growing on CuZr2 due to the coherent interface between the two structures. It was also de-
termined that lower isothermal temperatures resulted in slower crystallization reactions and
higher isothermal temperature resulted in faster crystallization reactions.
The constant heating rate (10◦C/min) phase sequence starts with CuZr2, Cu10Zr7, and
CuZr (B2) from the amorphous sample at 433◦C. At 516◦C the CuZr(B2) phase decomposes to
CuZr2 and Cu10Zr7 phases. Re-precipitation of B2 is seen at temperatures greater than 729
◦C
along with simultaneous decomposition of CuZr2 and Cu10Zr7 until the transformation to B2
is complete at 772◦C.
1.3 Critical science issues
Various rapid solidification techniques produce non-equilibrium microstructures, metastable
phases, and amorphous structures. These techniques are limited by the ability to rapidly
cool the melt in order to achieve the desired microstructures and phases. Equilibrium and
non-equilibrium microstructures and phases have been obtained through devitrification of an
amorphous alloy. While the devitrification mechanisms and initial kinetics have been investi-
gated, limited research has been focused on processing methods to manipulate devitrification
and potentially produce far from equilibrium phases and novel microstructures. A processing
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system could mimic the Bridgman solidification setup, which has be invaluable to solidification
theory. The directional thermal processing system may enable new types of microstructural
control associated with the directional nature of the structural hierarchy. Developing a direc-
tional thermal processing system and applying it to a metallic glass system must address the
following questions:
-Can these non-equilibrium phases and novel microstructures be produced through zone
processing or gradient-zone processing?
-What level of microstructural control could be achieved?
-Are the reaction kinetics and resulting microstructure similar to tradition devitrification
methods?
1.4 Objectives
The objectives of this investigation are twofold. One primary objective is to design and
fabricate a directional thermal processing system (DTPS) for zone processing or gradient-zone
processing of materials. Imposing a moving thermal field onto a material structure permits
a high degree of control with respect to local temperature, local isotherm velocity, local cool-
ing/heating rate, gradient residence time, and the direction of the applied thermal gradient
with respect to existing structural or prior processing directions. In general, such capabilities,
particularly when coupled with other applied fields, may enable new types of microstructural
control associated with the directional nature of the structural hierarchy, at many length scales.
A second primary objective is to apply the DTPS to the relaxation and crystallization
response of a metallic glass, where the influence of specific DTPS processing parameters on the
reaction kinetics and resulting microstructure can be compared with those arising from more
conventional (uniform heating/cooling) thermal processing. Melt-spun Cu-Zr metallic glass
alloys are used here for this purpose.
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1.5 Thesis Organization
This thesis is composed of a general introduction and conclusions sections surrounding two
chapters. The first chapter is the general introduction, literature review and experimental
methods.
The second chapter is the design of the directional thermal processing system. The chapter
examines the subsystem components, the iterative design process, and the final design capabil-
ities.
The third chapter focuses on the application and performance of the directional zone pro-
cessing system. The objectives of applying the DTPS to a metallic glass alloy were to (1)
Investigate equilibrium and non-equilibrium phases achieved through directional thermal pro-
cessing and (2) Identify processing conditions that would allow for controllable and reproducible
structures.
The fourth chapter summarizes the work done during this investigation as well as potential
design improvements and future work.
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CHAPTER 2. DESIGN, FABRICATION, AND APPLICATION OF A
DIRECTIONAL THERMAL PROCESSING SYSTEM
One primary objective was to design and fabricate a directional thermal processing sys-
tem (DTPS) for zone processing or gradient-zone processing of materials. Imposing a moving
thermal field onto a material structure permits a high degree of control with respect to local
temperature, local isotherm velocity, local cooling/heating rate, gradient residence time, and
the direction of the applied thermal gradient with respect to existing structural or prior pro-
cessing directions. In general, such capabilities, particularly when coupled with other applied
fields, may enable new types of microstructural control associated with the directional nature
of the structural hierarchy, at many length scales.
2.1 Directional thermal processing system design requirements, objectives
and approach
A variety of techniques have been investigated to control the microstructure and phase
selection from a liquid state. Recently several studies utilized an amorphous state as a pathway
for the processing of advanced materials. These materials have the potential of obtaining novel
morphologies and/or metastable phases. The design of a thermal processing system must
process materials from a glassy state, but also accommodate for other solid state processing
reactions. Directional thermal processing can create opportunities for directional material
processing research and process control applications.
Production of a specific thermal gradient and controlled translation of samples were the pri-
mary processing parameters required of a novel directional thermal processing system. Transla-
tions of the specimen through a thermal gradient permits a high degree of control with respect
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to local cooling/heating rates and gradient residence time. A wide range of temperature and
velocities were needed to investigate each of the parameters above. Incorporating these con-
ditions into the design allowed for ease and flexibility of experimental conditions. Secondary
considerations regarding the selection of subsystem components included the processing atmo-
sphere and processing sample size, to ensure that a sufficient amount of material was available
for various characterization methods.
Targeted processing variables are stated in Table 2.1. These targeted processing variables
were selected that would allow for the processing and investigation of the gradient zone process
on the microstructures and phases produced. The hot zone temperature range was selected due
to most engineering alloys have useful precipitation and transformations that occurring within
this range. Most transformations occur at negligible rates below 50◦C, because of this, the cold
zone range must be below this temperature. Typical substitutional diffusion in metallic alloys
is on the order of 10−4 m2/sec, this gives directional diffusion lengths from the 10 nm to 100
micron scale which is the microstructural scale of interest.
Due to the low temperature nature of this processing unit heat loss through conduction,
convection, and radiation were not considered in the initial design. The experimental process
variables needed to be reproducible with a high level of precision and accuracy. A computer
controlled stepper-motor system permitted highly reproducible sample velocities.
In order to determine the sample’s thermal profile, an unsheathed fine-wire thermocouple
was inserted into a thin walled capillary slide and translated through the DTPS with varying
set points. The translations were repeated in opposite directions to verify the accuracy of
the profile measurements. The temperature profiles were recorded through the utilization of a
proportional temperature controller and a computer utilizing National Instruments LabVIEW
program, which served as the data logger providing two measurements every second.
2.2 Overall design concept
With the initial concept of the process described, several items also needed to be considered
including: thermal transport properties of materials, dissimilar material interaction, system
optimization and control. These were all key factors in the selection of subsystem components.
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Producing and maintaining thermal gradients was the first design challenge. The focused
hot zone could be achieved through several methods including laser heating, heated metal
plates, or a resistance furnace. The cold zone options were limited to metal chill blocks (water
cooled, solid silver or copper bars) or a liquid bath (oil, water). Heated metal plates and chill
blocks there the most viable of the available options.
This miniaturized system is a robust cost effective way of evaluating this processing method.
Utilizing cartridge heaters as the heat source allowed for precise control of the temperature.
Heated metal plates allow for the ability to increase the hot zone through additional plates.
Subjecting samples to thermal gradients on all sides allows for constant and uniform thermal
exposure.
2.3 Subsystems
Each component of the DTPS is discussed in the following subsections.
2.3.1 Thermal gradient
The thermal gradients were generated by sandwiching a copper plate hot zone between water
cooled copper blocks. The heat was provided to the plate through cartridge heaters. The sample
was translated through the copper plate exposing the sample to a uniform thermal gradient.
The temperature gradient was controlled by two separate temperature control systems, hot and
cold, as well as sample velocity and distance between hot and cold zones.
2.3.2 Temperature control
The thermal gradient was produced through the utilization of two separate temperature
control systems, hot and cold. The hot temperature control system consisted of: (1) two car-
tridge heaters; (2) a temperature controller working in proportional- integral-derivative (PID)
control mode; (3) a solid state relay; (4) a K type thermocouple. The thermocouple, which was
centered on the copper heater plate directly above the sample slot, provided the feedback input
to the PID for comparison to the set point and control of the solid state relay. This process
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controls the cartridge heaters. The use of several types of insulation increased the accuracy of
the hot zone temperature.
The cold temperature control system consisted of closed loop liquid circulating unit with
accuracy of ± 0.5◦C with the thermocouple located in the liquid reservoir. The pump outlet
flow consisted of two speeds, 15 and 9 LPM. The selected fluid consisted of 30 vol% Ethylene
Glycol and 70 vol% distilled water.
2.3.3 Atmosphere
The atmosphere was contained in a clear acrylic box to allow for sample monitoring. An ar-
gon atmosphere was selected due its larger viscosity and density compared to other gases which
also resulted in higher attainable hot zone temperatures. The argon atmosphere also reduced
the convection induced by the implemented gas flow system, resulting in steady temperatures
when the system was opened. The gas flow system additionally served as a dehumidifier.
2.3.4 Sample velocity
A computer controlled open-loop-control stepper-motor system permitted highly repro-
ducible sample velocity ranging from 0.001-5.0 mm/sec with 2.5 µm resolution. The maximum
translation distance was 26 mm in length. Maximum sample size was determined to be 6 mm
wide and 0.75 mm thick. Because of the limited translation the sample length was dependent
on the desired thermal gradients.
2.4 Design iterations
Design and optimization of the system relied on an iterative process. The initial design
focused on obtaining the highest temperature set point, while ensuring the sample exposure is
maintained within 1◦C of the set point.
2.4.1 Initial design
The system’s base was an aluminum plate. The hot zone and two cold zones were aligned
on a track to ensure reproducible results. The hot zone was fixed while the cold zone locations
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were adjustable to allow for modifying the thermal gradients. Alumina silicate was used as
insulation plates between the hot and cold zones. Figure 2.1, depicts the original design. An
example profile of the initial design is shown in Figure 2.2. The stepping profile seen in this
figure is the result of utilizing a data logger with slower processing time. The initial processing
parameters achieved are listed in Table 2.2.
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Table 2.1 Desired processing parameters
Parameter Target value
Hot zone temperature range(◦C) 0.0 - 500.00
Cold zone temperature range(◦C) 0.0 - 50
Velocity range (mm/sec) 0.001 - 5.0
Thermal gradient range (◦C/mm) 0.0 - 30.0
Local heating rate range (◦C/min) 0.0 - 10.0
Figure 2.1 Initial hot and cold zone schematic
Figure 2.2 Thermal profile of original design. Velocity 0.5 mm/sec
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2.4.2 First design iteration
In response to the results given in Table 2.2, design modifications were implemented to
increase the overall efficiency of the system and to produce symmetric thermal gradients. All
copper tubing was shortened and the water inlet tubes were angled away from the hot zone
allowing for intimate contact between the hot zone insulation plates and the chill blocks. Alu-
mina silicate insulator plates were placed under the the hot and cold zones to eliminate the
conduction of heat to the aluminum plate. Kaowool pieces were placed around the cartridge
heaters to increase the hot zone temperature. Figure 2.3 compares the original design to the
first design modifications.
Fig 2.6 depicts the thermal profiles for three set point temperatures after the first design
iteration. These temperature profiles were obtained by pulling the thermocouple through the
system from left to right (in Figure 2.4) with a velocity of 0.1 mm/sec. Temperature profiles
were also obtained moving the thermocouple from right to left to confirm accurate temperature
profiles. Larger velocities resulted in a larger shift of the peak toward the side the thermocouple
was moving towards. The shift was eliminated through utilizing slower velocities. The actual
developed system can be seen in Figure 2.5.
Table 2.3 demonstrates at 0.1 mm/sec velocity that the slot temperature rises approximately
27.8◦C for each 75◦C increase of set point temperature. The same trend was also seen with
0.5 mm/sec velocity. The first design modifications increased the overall performance of the
DTPS, however the temperatures obtained did not meet the objectives stated in Table 2.1.
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Table 2.2 DTPS initial parameters with a velocity of 0.5 mm/sec
Parameter Obtained values
Maximum system temperature (◦C) 203.0
Minimum system temperature (◦C) 10.0
Maximum sample temperature (◦C) 142.4
Figure 2.3 First design iteration compared to original design. Copper tubes were shortened
and water inlet tubes angled away from hot zone.
Figure 2.4 First design iteration sample path
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Figure 2.5 Actual setup of the DTPS. The left image is an overview of the hot and cold
zones. The image of the right shows the sample slot location and the cartridge
heat placement.
Figure 2.6 Thermal profiles of the first design iteration with multiple temperature set points
for a velocity of 0.1 mm/sec.
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2.4.3 Second design iteration
The second design modification focused on maximizing the hot zone temperature. To
limit the conduction of heat from the hot zone to the aluminum plate, a refectory ceramic
replaced the aluminum below the hot zone. The brackets, used to hold the hot zone in position,
were redesigned to reduce the amount of material in contact with both the hot zone and the
aluminum plate. The cartridge heaters were also moved in the redesigned heater plate. This
change allowed for equal distance between the hot zone and both chill blocks, allowing for
higher symmetric thermal gradients. New insulation plates were fabricated out of millboard
to increase the thermal insulation of the hot zone. Compressed refractory ceramic fiber bricks
were machined to surround the cartridge heaters. This allowed for thermal equilibrium of the
hot zone to be established and maintained through experiments. The design evolution between
the first and second iterations can be seen in Figure 2.7.
Table 2.4 shows set point temperatures with corresponding data. The temperature gradients
were calculated from 120-160◦C range. The design modification did not significantly improve
the maximum sample temperature, but the hot zone set point is in good agreement with the
achievable hot zone temperature. For comparative purposes the thermal gradient was calculated
from temperatures at or above 190◦C. The temperature profiles can be seen in Figure 2.8. The
second design modifications increased the obtainable hot zone temperatures required for the
DTPS, however the temperatures obtained did not meet the objectives stated in Table 2.1.
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Table 2.3 DTPS first design iteration with velocity of 0.1 mm/sec
Temperature set point 250◦C 325◦C 400◦C
Maximum system temperature (◦C) 222.8 261.5 287.7
Minimum system temperature (◦C) 10.0 10.0 10.0
Maximum sample temperature (◦C) 196.5 235.0 257.1
Figure 2.7 Design comparison of first (A) and second (B) iteration. The noted locations
correspond to the listed items.
Table 2.4 DTPS second design iteration with velocity of 0.1 mm/sec
Parameters Target value 250◦C 300◦C 350◦C
Maximum system temperature (◦C) 500.0 250.0 301.3 350.9
Minimum system temperature (◦C) 10.0 10.0 10.0 10.0
Maximum sample temperature (◦C) 500.0 199.4 241.1 283.3
Maximum temperature gradient (◦C/mm) 30.0 17.0 21.9 28.1
Sample length exposed to >190C (mm) 5.0 2.5 6.6 9.3
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Figure 2.8 Thermal profiles of second design iteration with multiple temperature set points,
velocity 0.1 mm/sec
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2.4.4 Third design iteration
The second design iteration did not meet the requirements as seen in Table 2.4. The third
design modification widened the hot zone and altered the insulation used. The temperature
profiles seen in Figure 2.8 have show a highly focused hot zone. A broader peak is desired to
allow for appropriate incubation time, depending on the material system. To achieve a wider
peak, two copper plates (1.0745”x 2.775”x 0.0625”) were added to the top section of the hot
zone, as seen in Figure 2.9. The insulation plates were changed to refractory ceramic fiber
sheets due to the fragility of millboard insulation after high temperature exposure. Insulation
was added to the top of the hot zone to increase the efficiency and temperature of the hot zone.
The implementation of argon gas was also included in the third design modification.
Determination of the increased hot zone length included the selection of two arbitrary veloc-
ities (0.001 mm/sec and 0.01 mm/sec), a set point temperature (250◦C), an arbitrary minimum
temperature, (190◦C). For comparative purposes the time and sample length subjected to tem-
peratures at or above the arbitrary minimum temperature were calculated, these values are
shown in Table 2.4.4 for the two selected velocities. The temperature profiles with and without
the addition of copper plates is shown in Figure 2.10. The overall increase would be significant
for Arrhenius dependent reactions.
With the system well documented at set point temperatures less than 400◦C, maximum tem-
perature limits were determined and the system was calibrated. Higher hot zone temperatures
were achieved by increasing the chill block temperature to 20◦C. The velocities were selected
to produce the highest translated sample temperature. Figure 2.11 depicts the temperature
profile experienced with differing velocities at one specific location of a potential sample.
The set point temperature and hot zone temperature for these velocities were 450◦C and
440◦C, respectively. The sample velocity marginally determined the maximum temperature ex-
perienced. This difference is seen in Figure 2.12. This however wasn’t seen in other temperature
profiles, see Figure 2.13.
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Figure 2.9 Design comparison between second (A) and third (B) design iteration. The increase
in hot zone length and change of insulation can be seen.
Table 2.5 Hot zone comparison of copper plates for 250◦C temperature set point.
Velocity 0.001 mm/s 0.01 mm/s
Time (min) Distance (mm) Time (min) Distance (mm)
With Cu Plate 90.1 5.4 8.9 5.36
Without Cu Plate 58.8 3.53 - -
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Figure 2.10 Temperature profiles of the third design iteration showing the effect of copper
plate additions.
Figure 2.11 450◦C set point with varying velocities
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Figure 2.12 Scaled temperature profiles for set point of 450◦C
Figure 2.13 Scaled profiles of 440 and 445◦C set point with varying velocities
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2.5 Final design
The third design iteration was used as the final design. It is important to note any modi-
fication or adjustment to any of the components of the DTPS, resulted in a different thermal
gradient requiring new thermal profiles be obtained. Thermal profiles were obtained every
month to track thermal changes. As the age of the DTPS increased the set point, slot, and
maximum sample temperature equilibrated. Maintaining the hot zone at elevated temperatures
resulted in copper oxide forming the the surfaces of the copper plates. New plates were made
and implemented and the subsequent thermal gradients changed.
With the final design established, processing conditions were then determined in order to
apply a Cu-Zr metallic glass alloy to the DTPS. Based on previous isothermal investigations
(27), a minimum temperature of 397◦C is required to devitrify the samples. Constant heating
rate studies determined that increasing the heating rate increased the crystallization temper-
ature. Four slot temperatures were selected: 435, 440, 445, and 450◦C. From each of these
temperature set points, and based on the kinetic data reported by Kalay et al.(27), the sample
velocities of 3.5, 4.0, and 4.5 µm/sec were selected that were predicted to allow for devitrifica-
tion.
Table 2.6 compares the processing requirements to observed values with temperature set
points of 440, 445, and 450◦C with a velocity of 3.5 µm/sec. The temperature gradients were
calculated from 120-160◦C range, which were the maximum achieved. The lowest temperature
gradients occur in the hot zone. Time and distance values seen in this table were calculated
by using the minimum temperature threshold of 397◦C. As seen in Table 2.7, the temperature
reproducibility of the DTPS is with in 0.4% and 0.1% for 440 and 445◦C, respectively. The local
heating rates experienced during translation can be seen in Table 2.8 and Figure 2.14. Temper-
ature profiles were acquired at 3 mm intervals along the sample for each selected temperature
set point and corresponding velocity. Figure 2.15 depicts the thermal profile experienced by
three of these specific locations.
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Figure 2.14 Local heating rates for temperature set points of 440 and 445◦C.
Table 2.6 Third design iteration results compared to desired parameters (*maximum temper-
ature gradient)
Parameter Target value 440◦C 445◦C 450◦C
Maximum system temperature (◦C) 500.0 440.0 445.0 450.0
Minimum system temperature (◦C) 10.0 20.0 20.0 20.0
Maximum sample temperature (◦C) 500.0 415.4 420.7 426.9
Maximum temperature gradient (◦C/mm) 30.0 49.0* 50.6* 48.2*
Sample length exposed to >397C (mm) 5.0 5.9 6.6 7.6
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Figure 2.15 450◦C set point thermal gradients along Cu50Zr50 ribbon, velocity of 4.5 µm/sec
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2.6 Conclusions
The DTPS built, met and exceeded the requirements stated above. A compilation of the
processing parameters achieved can be seen in Table 2.9. The velocity of the system ranges
from 0.001-5.0 mm/sec with 2.5 µm resolution. The maximum translation distance was 26 mm
in length. The atmospheric subsystem increased the attainable hot zone temperatures while
reducing convection caused opening of the system to exchange a sample. A high purity atmo-
sphere was not attained within the acrylic box. Thus, samples with high oxidation potential
must be self contained (i.e., sealed in quartz slides).
A range of hot and cold zone temperatures were obtained, 20-515◦C and 0-50◦C, respec-
tively. Above 400◦C, the hot zone temperatures were coupled to the cold zone temperatures.
Thermal gradients obtained exceeded specified design requirements. These gradients are ad-
justable through several means, such as: altering the temperatures of the hot and cold zones,
changing velocities, and/or increasing the distance between the chill blocks and the hot zone.
The temperature controllers were sufficient in maintaining the systems achievable tempera-
tures. The maximum sample size is 26 X 6 X 0.75 mm. Sample length is dependent on thermal
gradients needed as well as hot and cold zone requirements.
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Table 2.7 Comparison of values for 440 and 445◦C. The time and distance values were calcu-
lated by using 397◦C as the minimum temperature
Set point → 440◦C 445◦C
Maximum Time Distance Maximum Time Distance
temp (◦C) (min) (mm) temp (◦C) (min) (mm)
3.5 µm/sec 415.4 28.1 5.9 420.4 31.4 6.6
4.0 µm/sec 415.8 25.0 6.0 421.6 28.3 6.8
4.5 µm/sec 415.4 21.7 5.9 420.0 24.4 6.6
Average 415.2◦C 5.9 mm 420.7◦C 6.7 mm
Table 2.8 Comparison of thermal gradient (◦C/mm) for temperature set points 440 and 445◦C
Set point → 440◦C 445◦C
3.5 µm/sec 4.0 µm/sec 4.5 µm/sec 3.5 µm/sec 4.0 µm/sec 4.5 µm/sec
120-160◦C 49.0 50.9 49.8 50.6 51.2 50.4
240-280◦C 36.0 36.4 35.9 36.7 37.0 36.8
320-360◦C 25.1 25.2 25.1 25.9 26.2 26.0
360-410◦C 11.1 11.2 11.0 12.5 12.7 12.4
Table 2.9 DTPS’s attainable processing conditions
Process conditions Target value Obtained values
Hot zone temperature range (◦C) 20.0-500.0 20.0 - 515.0
Cold zone temperature range (◦C) 0.0-50.0 0.0 - 50.0
Velocity range (mm/sec) 0.001 - 5.0 0.001 - 5.0
Maximum thermal gradient range (◦C/mm) 30.0 51.2
Local heating rate (◦C/min) 0.0 - 10.0 0.0 - 14.8
Sample length exposed to >397C (mm) 5.0 5.9 - 7.6
Maximum sample size (mm) - 26 X 6 X 0.75
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CHAPTER 3. APPLICATION AND PERFORMANCE OF
DIRECTIONAL THERMAL PROCESSING SYSTEM
3.1 Material selection
Melt-spun Cu50Zr50 metallic glass alloy was used to investigate the influence of the DTPS
processing parameters on the devitrification kinetics. This alloy was selected due to the large
amount of information available in the literature from previous studies; including isothermal
and constant heating kinetics of the glassy alloy.
3.2 DTPS parameter selection
The thermal history of the glass significantly effects the kinetics of devitrification. Because
of this, the thermal behavior of the DTPS was quantified by measuring temperature profiles
prior to each set of experiments. As seen in section 2.4.4, the temperature profile of the DTPS
is neither constant heating or isothermal. The imposed thermal gradient on the sample changes
as it is translated through the system which results in every location of the sample experiencing
a different thermal gradient. Characterization of the thermal profiles at different conditions
allowed for the selection of the experimental conditions that would, based on reported literature
(27), be favorable for devitrification of Cu-Zr metallic glass.
These previous isothermal investigations determined the minimum temperature needed to
devitrify Cu50Zr50 metallic glass within an experimentally reasonable timeframe (81 minutes)
to be 397◦C. Constant heating rate studies showed that an increase in the heating rate corre-
sponded to an increase in crystallization temperature. This is important since large thermal
gradients were observed at low temperature ranges and high temperature ranges produce the
lowest thermal gradients in the DTPS. Four slot temperatures were selected: 435, 440, 445,
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450◦C. From these temperature set points, the sample velocities of 3.5, 4.0, and 4.5 µm/sec
were selected that would allow for the devitrification to occur.
3.3 Sample production
High purity constituents (0.9999 Cu and 0.999(3) Zr, by weight) were used to produce
Cu50Zr50 ingots through arc melting under an argon atmosphere. The ingots were remelted
and quenched on water cooled copper hearths three times to obtain chemical homogeneity.
Amorphous ribbons, nominally 1 mm wide and 36 µm thick, were produced by utilizing a
graphite crucible and a single copper-roller free-jet melt-spinner using a tangential wheel ve-
locity of 25 m/sec under 1/3 atm high purity He.
Three sets of samples were prepared. The first and second set of samples (12 and 6 samples,
respectively) were prepared by cutting melt-spun ribbons to 30 mm lengths, placing 12-15 pieces
in a thin walled quartz capillary slide and sealed under vacuum with 1/2 atmosphere Ar. The
third set of sample ribbons were sectioned before being inserted into a thin walled quartz
capillary slide and sealed under same conditions, and care was taken to ensure samples were
not in contact with each other through the length of the sample. These samples were then
translated through the DTPS at the selected temperature set points and velocities.
3.4 Temperature Profiles
Thermal profiles were obtained every month to track thermal changes. As the age of the
DTPS increased the set point, slot, and maximum sample temperature equilibrated. These
temperature profiles allow for direct observations of the local heating rates, thermal gradients,
and range of temperature exposure. From these observations, crystallization kinetics can be
predicted.
3.4.1 First set
The first set of temperature profiles can be seen in Figure 2.13 for set points of 440 and
445◦C. This set of temperature profiles are scaled to show the thermal profile of a certain
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portion of the ribbon that analysis was performed on. The maximum temperature the samples
reached for the four set points were 410.0, 415.4, 420.7 and 426.9◦C, respectively.
3.4.2 Second and third set
The second set of temperature profiles were obtained in 3 mm increments for two temper-
ature set points, 440 and 445◦C, and the three predetermined velocities as stated above. The
temperatures reached (440.1◦C) were higher than the profiles shown in the first set (420.7◦C).
An example of the 440◦C and 445◦C temperature set point with a velocity of 4.5 µm/sec
can be seen in Figure 3.1 and Figure 3.2, respectively.
3.5 Temperature profile and TTT analysis
Utilizing the additive reaction rule of Scheil,
f(T ) =
T∑
Te
∆t
t
, (3.1)
and the TTT curves established by Kalay et al. (27), the reaction rates of the DTPS were
characterized, an example is shown in Figure 3.3.
This equation only applies to isokinetic reactions, meaning the reaction rate depends only
on the fraction crystallization and the temperature. The first set of temperature profiles, 440◦C
at 3.5 µm/sec, were used to calculate the crystallization curve in Figure 3.3. Crystallization
curves for the three velocities can be seen in Figure 3.4. The reaction rates calculated from
these temperature profiles allowed for the comparison of the expected crystallization fraction
to the actual fraction obtained.
A calculated example of the time needed to fully crystallize each section of ribbon can be
seen in Figure 3.5. This calculation indicated that a symmetric thermal gradient may require
less time to achieve full crystallization.
3.6 Methods, results, and discussion
Structural relaxation, crystallization response, and the kinetics of Cu50Zr50 metallic glass
were investigated in three different experiments. The first experiment was focused on determin-
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ing if structures could be controlled and what processing conditions could be used to control the
structures. Once these processing conditions were characterized, the crystallization response
and structural relaxation were investigated through analyzing sections of ribbons subjected to
varying thermal profiles. Axial heat transfer effect on devitrification were explored in the third
experiment.
3.6.1 First experiment
The samples were subjected to four slot temperatures: 435, 440, 445, and, 450◦C, with
velocities of 3.5, 4.0, and 4.5 µm/sec. The section of ribbon that was subjected to temperatures
equal to or greater than 397◦C were analyzed using differential scanning calorimetry (DSC)
(Perkin Elmer Pyris 1 DSC) with aluminum pans under continuous heating rate of 20◦C/min.
Empty sample pans were used to serve as a baseline. The DSC traces were obtained under a
nitrogen atmosphere. Amorphous samples were subjected to the same heating rate and sample
size to determine the enthalpy of crystallization in order to calculate the percent crystallinity.
X-ray diffraction (XRD) was used to determine the phases present in the DTPS processed
samples.
Samples were also held in the thermal gradient of the DTPS without being translated.
These samples were quickly placed into the hot zone with a set point temperature of 440 or
445◦C for 28 minutes 6 seconds or 31 minutes 24 seconds, respectively, before being quickly
moved to the chill zone for fast quenching. XRD and DSC was also performed on these samples.
3.6.1.1 XRD
XRD was used to identify the crystalline phases present in each sample, an example can be
seen in Figure 3.6. Zirconia is also seen in the all of the XRD scans. The lower temperature
set point samples (435 and 440◦C) did not produce crystalline peaks. This is due to the low
amount of crystallinity present as well as the crystallite sizes. Diffraction peaks indicate the
presence of CuZr2 and Cu10Zr7. From the XRD pattern, the presence of the CuZr (B2) phase
could not be determined. Directional growth was also determined by the XRD. Samples were
rotated 90◦ and the peak intensities were compared.
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3.6.1.2 DSC
DSC was performed on sample sections calculated to have been subjected to temperatures
greater than 397◦C. The DSC curves for these samples show two exothermic peaks, an example
can be seen in Figure 3.7. The first exothermic peak is the crystallization of multiple phases,
with the onset at 416 ◦C for a velocity of 3.5 µm/sec. The second peak occurred at 490 ◦C for
the same velocity. The second exothermic peak was not observed in all traces, can be seen in
Figure 3.8.
The crystallized volume fraction was obtained by integrating the area of the first exothermic
peak. The fraction crystallized for the selected temperatures and corresponding velocities can
be seen in Table 3.1.
Table 3.1 Fraction crystallized for varying temperature set points and velocities
Temperature set point 3.5 µm/sec 4.0 µm/sec 4.5 µm/sec
435◦C 11.3 9.2 8.0
440◦C 29.7 17.0 7.4
445◦C 94.7 76.9 59.5
450◦C 100 90.6 74.3
For the samples held at 28 minutes 6 seconds or 31 minutes 24 seconds in the DTPS
without being translated, the crystallized volume fraction was determined to be 34.4 and 49.3%,
respectively. The remaining sections of ribbon, subjected to temperatures below 397◦C, were
also sectioned in 3 mm sections and analyzed. The other sections of ribbon yielded little
crystallization, average of 7.2 and 8.7% respectively.
The DSC traces showed an increase in crystallization temperature and a decrease in crys-
tallized fraction with increasing velocity. This was expected due to the higher velocities having
larger heating rates as well as reduced time in the thermal gradient. A wide array of crys-
tallinity was achieved through the use of the DTPS, as seen in Table 3.1. While most traces
exhibited one single exothermic peak, one trace showed a step peak, as shown in Figure 3.8.
Structural relaxation was observed in the traces of set point of 435◦C, see Figure 3.7.
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3.6.1.3 SEM and TEM
Microscopy was attempted on several samples. The due to the oxidation behavior of
Cu50Zr50, an oxide layer formed on all samples resulting in inconclusive micrographs and EDS
analysis. A variety of sample preparation methods were employed, each resulted an oxide layer
formed on the sample surface. Limited TEM analysis was performed on samples, which also
experienced a surface oxidation layer. Directionality was not observed in the TEM.
3.6.2 Second experiment
In the second set of experiments the samples were subjected to two slot temperatures, 440
and 445◦C, with velocities of 3.5, 4.0, and 4.5 µm/sec. X-ray diffraction (XRD) was used to
determine the phases present in the DTPS processed samples. The ribbons were sectioned
into 3 mm lengths and were analyzed using differential scanning calorimetry (DSC) (Perkin
Elmer Pyris 1 DSC) with aluminum pans under continuous heating rate of 50◦C/min. Empty
sample pans were used to serve as a baseline. The DSC traces were obtained under a nitrogen
atmosphere. Amorphous samples of similar size to the DTPS processed samples were subjected
to the same heating rate of 50◦C/min to determine the enthalpy of crystallization in order to
calculate the percent crystallinity.
3.6.2.1 XRD
The x-ray data can be seen in Figure 3.9 and Figure 3.10. The XRD patterns indicate the
presence of CuZr2 and Cu10Zr7. The presence of CuZr (B2) could not be determined in samples
with the set point of 445◦C, as seen in Figure 3.10, potentially due to low peak resolution or
peak overlap, or a combination of both factors. The peak resolution of samples with set point
of 440◦C, Figure 3.9, was large enough to determine that CuZr (B2) was present. The increase
of intensity and resolution, in the second experimental set, is likely the result of higher exposure
temperatures which, due to the principle of crystallite broadening, cause more discrete peaks.
It should also be noted that zirconia was observed in all x-ray patterns.
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3.6.2.2 DSC
The DSC traces for the 440◦C set point temperature, with velocities of 3.5, 4.0 and 4.5
µm/sec, can be seen in Figure 3.11, Figure 3.12, and Figure 3.13. Most DSC traces for ve-
locities of 3.5 and 4.5 µm/sec showed a single exothermic peak. These velocities also show a
crystallization trend through the length of the sample, as shown Figure 3.14 and Figure 3.15.
The trend indicates that sections of the ribbon subjected to low temperatures at the begin-
ning of the translation have a larger crystallinity fraction compared to samples that begun the
translation at higher temperature. The enthalpy of crystallization and the onset temperature
were larger for the sections of ribbons exposed the the higher temperatures at the beginning
of the translation compared to samples that experienced the opposite heat treatment (exposed
to low temperatures first), as shown in Table 3.2 and Table 3.3. Structural relaxation was seen
in samples that were annealed in the DTPS but not crystallized. This was seen in all of the
samples except for set point 445◦C with a velocity of 4.5µm/sec.
DSC trace for the 4.0 µm/sec sample did not produce any crystallization peaks due to the
sample being fully crystallized from the DTPS. Exothermic peaks were seen for this velocity
at temperatures greater than 490◦C. This peak corresponds to the dissolution of CuZr (B2).
The calculated crystallization reaction rate for these three velocities can be seen in Figure 3.5.
The lack of second exothermic peak for the 3.5 and 4.5 µm/sec DSC traces is likely due to the
decomposition of the B2 phase occurring during the first exothermic event.
The enthalpy of crystallization and the onset temperature were larger for the sections of
ribbons exposed the the higher temperatures at the beginning of the translation compared to
samples that experienced the opposite heat treatment (exposed to low temperatures first), as
shown in Table 3.2 and Table 3.3. This was seen in all of the samples except for set point
445◦C with a velocity of 4.5µm/sec.
The DSC traces for the 445◦C set point temperature, with velocities of 3.5, 4.0 and 4.5
µm/sec, can be seen in Figure 3.16, Figure 3.17, and Figure 3.18. The first exothermic peak
was observed in samples subjected to high temperatures at the beginning of the process followed
by subsequent cooling, enthalpy recovery was also seen just prior to the exothermic peak. A
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majority of the these traces do not show the first crystallization peak or enthalpy recovery
associated with that peak. Exothermic peaks were seen, for all velocities, at temperatures
greater than 490◦C. This peaks corresponds to the dissolution of CuZr (B2). Prior to these
peaks, an increase in enthalpy was seen to begin at approximately 320◦C and continued until
the second peak located at temperatures greater than 490◦C. This increase is likely due to
a structural relaxation event occurring in samples that have been fully crystallized from the
DTPS.
The DSC traces also show relaxation occurring before this crystallization event. The DSC
traces that do show an exothermic peak also show structural relaxation as seen in Figure 3.19.
The change in enthalpy as a function of distance can be seen in Table 3.4. It can be seen
that the samples located at approximately 12 mm or greater exhibit a large exothermic peak,
resulting in little crystallization from the DTPS process. It can also be seen from this table
that equal but opposite heat treatments yield different results.
3.6.3 Third experiment
The samples were sectioned and placed in thin walled quartz capillary slide with space
between the different sections. One slide was subjected to temperature set point of 440 ◦C with
a velocity of 4.5 µm/sec and 445◦C with velocities of 4.0, and 4.5 µm/sec. X-ray diffraction
(XRD) was used to determine the phases present in the DTPS processed samples. The sectioned
ribbon was was analyzed using differential scanning calorimetry (DSC) (Perkin Elmer Pyris 1
DSC) with aluminum pans under continuous heating rate of 50◦C/min. Empty sample pans
were used to serve as a baseline. The DSC traces were obtained under a nitrogen atmosphere.
Amorphous samples of similar size to the DTPS processed samples were subjected to the same
heating rate of 50◦C/min to determine the enthalpy of crystallization in order to calculate the
percent crystallinity.
3.6.3.1 XRD and DSC results
CuZr2 and Cu10Zr7 phases were identified in the XRD patterns of the segmented samples.
DSC traces contained no exothermic peaks except for sections of ribbon processed with the set
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point of 445◦C and velocity 4.0 µm/sec. Sections -17.5,-7 mm and 9,17 mm contained 4.9 and
29.6%, respectively, of the amorphous phase after the DTPS process, as seen in Figure 3.20.
Comparing the fraction crystallized to the intact ribbon results, the amorphous fraction found
in section -17.5,-7 mm is plausible due to the low amount. The amorphous fraction found in
9,17 mm section was unexpected. The average amorphous fraction of the intact sections (9-18
mm) after DTPS processing was determined to be 46.8%.
45
3.7 Conclusions
Through the analysis of samples subjected to the DTPS the following conclusions are evi-
dent:
1. CuZr metallic glass can be devitrified through thermal gradient processing.
The experimental results, such as phases formed, observed structural relaxation, onset
temperatures, and other trends associated with increased heating rate, are consistent with
previously reported studies.
2. Reaction rates computed from isothermal (TTT) transformation data were not found to
be predictable, suggesting that the reaction kinetics are not additive.
While the experimental results here follow those that have been previously published, the
kinetics are not simple or additive. The calculated reaction rates from TTT curves predicted
samples would be fully crystallized from being subjected to the DTPS. As seen in Table 3.1,
the crystallinity achieved through this processing method was dependent on the hot zone tem-
perature and the velocity. Samples subjected to equal but opposite thermal profiles resulted
in different structures and fraction crystallized, as seen in Figure 3.14 and Figure 3.15. The
DSC analysis of samples held in the thermal gradient of the DTPS without being translated,
indicated that the heat transmitted axially did not produce unwanted crystallization outside
of the hot zone.
DSC thermal traces of sectioned samples annealed in the DTPS followed by subsequent
constant heating show an increase in onset temperature and amorphous fraction as a function
of distance from the center of the sample. This can be seen in Table 3.3 and Table 3.4.
3. Directional growth is not observed under the processing conditions examined. XRD and
TEM were employed to determine if directionality was present in DTPS processed samples.
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Figure 3.1 Temperature profile experienced at 3 mm increments through the length of the
ribbon for 440◦C set point with a velocity of 4.5 µm/sec
47
Figure 3.2 Temperature profile experienced at 3 mm increments through the length of the
ribbon for 445◦C set point with a velocity of 4.5 µm/sec
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Figure 3.3 Fraction crystallized using temperature profile of 440◦C at 3.5µm/sec
Figure 3.4 Crystallized fraction,f , calculated for three different velocities using the tempera-
ture profile measured at 440◦C.
49
Figure 3.5 Calculated time required to fully crystallize Cu-Zr amorphous ribbon with set point
of 440◦C.
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Figure 3.6 Compiled XRD results of first set of samples
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Figure 3.7 DSC curves of temperature set point of 435◦C. Top is 3.5 µm/sec, middle 4.0
µm/sec, and bottom is 4.5 µm/sec
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Figure 3.8 DSC curves for the temperature set points of 445◦C. Top (green) is 3.5 µm/sec,
middle 4.0 µm/sec, and the bottom is 4.5 µm/sec
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Figure 3.9 XRD of 440◦C samples
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Figure 3.10 XRD of 445◦C samples
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Figure 3.11 DSC traces of 440◦C 3.5 µm/sec sample
Figure 3.12 DSC traces of 440◦C 4.0 µm/sec sample
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Figure 3.13 DSC traces of 440◦C 4.5 µm/sec sample
Figure 3.14 ∆H of crystallization for 440◦C 3.5 µm/sec.
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Figure 3.15 ∆H of crystallization for 440◦C 4.5 µm/sec.
Figure 3.16 DSC traces of 445◦C 3.5 µm/sec sample. Enthalpy recovery can be seen in sections
3-6, 6-9 and 9-12mm.
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Figure 3.17 DSC traces of 445◦C 4.0 µm/sec sample. Enthalpy recovery can be seen in sections
12-15 and 15-18mm.
Figure 3.18 DSC traces of 445◦C 4.5 µm/sec sample. Complete crystallization occurred in the
DTPS. The increase in enthalpy can be seen to begin at approximately 320◦C.
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Figure 3.19 Structural relaxation can be seen at approximately 420◦C for 445◦C 3.5 µm/sec
sample
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Figure 3.20 DSC traces of sectioned 445◦C with 4.0 µm/sec velocity
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK
4.1 Overall conclusions
This project was focused on the development and application of a directional thermal pro-
cessing system that can be used to investigate the far-from-equilibrium phases and novel struc-
tures. A directional thermal processing system (DTPS) was designed and fabricated and the
design requirements were met or exceeded as shown in table 2.9. These targeted processing con-
ditions were selected which would allow for the investigation of the gradient zone processing on
the microstructures and phases produced in most engineering alloys. The following processing
conditions were achieved:
-Velocity range: 0.001-5.0 mm/sec with 2.5 µm resolution
-Hot and cold zone temperatures range: 20-515◦C and 0-40◦C
-Maximum thermal gradient: 51.2◦C/mm
-Local heating rate range: 0.0-14.8◦C/min
Establishing an inert atmosphere for the DTPS objective was not met. While the at-
mospheric subsystem increased the attainable hot zone temperatures, however a high purity
atmosphere was not attained within the acrylic box. By achieving the targeted processing con-
ditions, this new processing method may provide access to additional non-equilibrium phases
and novel structures.
Despite this limitation, the DTSP was successfully employed to investigate controlled de-
vitrification of Cu-Zr amorphous alloys, with the following principal findings:
-Microstructures with both equilibrium and non-equilibrium phases were achieved. These
phases consisted of CuZr2, Cu10Zr7, and CuZr (B2). The findings of this investigation are
consistent with reported crystallization trends, such as heating rate dependent crystallization
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temperatures.
-Structures were found sensitive to processing conditions (i.e. velocity, hot zone tempera-
ture, cold zone temperature, sample velocity). Increasing the sample velocity and/or decreasing
the hot zone temperatures resulted in decreased fraction crystallized.
-For the Cu-Zr example, directional growth is not observed under the conditions examined.
-Reaction rates computed from isothermal (TTT) transformation data were not found to
be reliable, suggesting that the reaction kinetics are not additive. This was demonstrated
by comparing the onset temperature and fraction crystallized samples subjected to equal but
opposite heat treatments. Samples whose origins started near the hot zone had an increase in
crystallization temperature and decrease in crystallinity.
4.2 Future work
-This new processing method could allow for microstructural evolution to be studied under
directional conditions. This method decouples the growth velocity from the thermal gradients.
Because of this, the DTPS could be used in studying preferred grain texturing, directional
growth fronts, diffusional transport properties of varying phases, and the mechanical property
effects. Through the application of the DTPS, the fundamental understanding of devitrifica-
tion kinetics, phase selection, and growth mechanisms of metallic glasses could become more
elucidated. This processing method has the potential of impacting metallic glass theories and
principles as directional solidification has impacted the fundamental understanding of solidifi-
cation.
-A range of structural relaxation has been achieved in DTPS processed samples. The ef-
fects of structural relaxation on the growth morphologies need to be studied to determine if
structural relaxation could be used as a pathway to obtain directional growth. This can be
done by subjecting samples to multiple DTPS runs focusing on lower set point temperatures
and velocities. The structural relaxation of the glass may provide enough local atomic rear-
rangement through viscous flow that would promote directionality. HEXRD and TEM could
be employed to investigate in situ structural relaxation of the DTPS processed samples.
-Modifying the DTPS design could allow for larger thermal gradients, slower velocities,
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and higher hot zone temperatures. The could be done by implementing the following changes:
(1) eliminating the aluminum plate under the hot and cold zones and replace with a high
temperature refractory ceramic. (2) utilize different hot zone insulator plates, such as aerogel.
(3) using a different sample stage, longer and lower temperature experiments could be explored
by increasing the sample length and gradient zone processing time. Changing the system’s
containment to a glovebox would reduce the oxidation of the samples, which could ultimately
affect the devitrification kinetics.
-While Cu50Zr50 did not produce directional growth morphologies for certain processing
conditions, other systems may be able to sustain directional growth. The Al-Sm and Al-Tb
systems could potentially produce directional growth due to the metastable quenched in phases.
Their mid-range order produces segregated nano crystallites within the amorphous matrix. A
directionally aligned Al-Sm nano-composite could increase the strength and ductility.
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